Abstract. A molecular dynamics simulation on the deposition of an energetic Al cluster on Si(111) substrate was studied. We employed the Stillinger-Weber three-body potential to simulate the Si substrate and the Born-Mayer-Higgins potential to compute the interactions between cluster and substrate. For one impacting Al cluster, the migration distance of the cluster atoms and the deposition morphology were investigated under different substrate temperatures, impacting cluster energies and cluster sizes. It can be found that diffusion distance increases with the increasing substrate temperature, cluster energy and cluster size; moreover the deposition morphologies also change under similar conditions.
Introduction
Ionized cluster beam deposition (ICBD) has recently received a great deal of attention as a promising method for synthesizing high-quality thin films at low temperature [1] . Yamada and co-workers have grown single-crystal Al film on Si(111) substrate successfully by ICBD [2] [3] [4] . Levenson et al have investigated the influence of the acceleration voltage and substrate temperature on the surface mobility of Al atoms on Si(111) and the associated film structure [5, 6] .
The interactions between energetic clusters and substrate play an important role in the ICBD film growth process. Although a few techniques can be used to provide both lateral and deep resolutions which are required to investigate single-cluster impact or the time resolution which can capture the dynamics of these highly transient events, the experimental difficulties in studying cluster-solid interactions are great. In respect to theoretical analysis, the atomic collision process cannot be described by the linear collision cascade theory. One powerful method to investigate the collision process is molecular dynamics (MD). For a typical MD simulation the size of substrate affected by clusters is from a few atoms to hundreds of atoms, and the energy is up to several keV, which is quite low. It requires less than 10 000 atoms in a simulation cell, while the total time for the interaction is less than 10 ps. Moreover, the advance in reliable interatomic potentials now makes it possible to give precise information about the deposition mechanism.
In this paper, we will show that the character of Al cluster deposition on Si(111) substrate varies with several parameters, including cluster size and cluster energy, and the temperature of the substrate.
The model
The MD simulations in this work are fully dynamical. Three-dimensional calculations were performed on an IBM 9076 Scalable POWER Parallel System SP2. In the present case, the Newton equations are numerically solved by the Verlet algorithm with a time step of 0.5 fs. For the interaction among Si-Si atoms, the three-body Stillinger-Weber potential [7] was used. In the mean time, we selected a pair potential, the Born-Mayer-Huggins potential [8] , to calculate the interactions between Si-Al atoms and Al-Al atoms.
The potential had the following form:
The softness parameter, The Si(111) substrate has the dimensions 15×15×4 and the sizes of the Al atom cluster were 40 and 100. According to experimental parameters, the substrate temperatures were kept at 50
• C, 200
• C and 400
• C and the substrate atoms' energies were rescaled every 20 time steps. At the beginning of the simulation, the reconstruction of the Si surface was not considered. Each cluster atom had the energy of 0.2 eV, 1 eV or 3 eV. When the calculation started, the site of the cluster centre was produced randomly. Moreover, we assumed that the initial shape of each cluster was orthorhombic, with the Al atoms arranged at a distance of a 0 = 0.5 nm. The initial shape of a cluster is shown in figure 1 . 
Results and discussion

Migration distance
In order to consider the influence of cluster energy, cluster size and substrate temperature on deposition, we investigated migration distances of Al atoms in one cluster on Si(111) substrate. Different parameters were chosen as follows: the cluster energy was 0.2 eV/atom, 1 eV/atom and 3 eV/atom, the cluster size was 40 and 100 atoms, and the temperature was 50
• C. For each case, the substrate size was 15 × 15 × 4, the time step was 0.5 fs, the calculation stopped after 1 ps, and 200 Al atoms were counted. The results are presented in figures 2-4, which show the statistics of the migration atoms as a function of migration distance in angstroms. In figure 2 , the cluster energy was 1 eV/atom and the substrate temperature was 200 • C. We can see that the average migration distance of Al atoms increased with increasing cluster size. Al atoms in a larger cluster (size = 100) could move further than those in a smaller one (size = 40). That is, atoms in a larger cluster could obtain more energy to move further in the multi-collision process among Al and Si atoms. Figure 3 shows the statistical result of migration distance of Al atoms at three different substrate temperatures. The cluster energy was 1 eV/atom and the cluster size was 40. We found from the figure that the higher the substrate temperature was, the further the Al atoms moved. Figure 4 shows the statistical result of migration distance of Al atoms with different incident kinetic energies of E = 0.2 eV/atom, 1 eV/atom and 3 eV/atom. The cluster size and substrate temperature were 40 and 200
• C, respectively. We can come to the conclusion that with decreasing incident atom energy, Al atoms had less capability to overcome the Si(111) surface barrier, so that the migration distance was smaller than that with larger incident energy. We can get the largest migration distance when the cluster energy is 3 eV/atom. 
Deposition morphology
To investigate the initial character of ICB film growth, we observed the deposition morphology of one Al cluster on Si(111) substrate under different conditions. For each case, the substrate size was 15 × 15 × 4 and the time step was 0.5 fs. The morphologies of the cluster and substrate after 2000 time steps are shown in figures 5-10. From these figures we can find that when the incident energy of the Al atom was fixed to 0.2 eV/atom, the changes of substrate temperature (from 50
• C to 200
• C) (see figure 5-7) and cluster size (from 40 to 100) (see figures 6 and 10) did not affect the deposition morphologies of Al clusters greatly. Al atoms dotted on the Si(111) surface forming two layers, but the second layer contained fewer atoms at high temperature than at low temperature. When the cluster size was 100, Al atoms gathered together on three sites which will benefit nucleation.
However, when the temperature and cluster size were fixed to 200
• C and 40 atoms, respectively, deposition morphologies changed a great deal with increasing cluster incident energy. When the energy increased up to 1 eV/atom and 3 eV/atom, there was only one layer of Al atoms dispersing on the Si(111) surface, and the Al atoms scattered more loosely at 3 eV/atom than at 1 eV/atom (see figures 6, 8 and 9 ).
In addition, from all these results we can see that the incident energy of the Al cluster was not large enough to create vacancies or interstitial atoms in the substrate.
Conclusions
We have studied the deposition of an energetic Al cluster on Si substrate using a molecular dynamics simulation. The simulation results showed that the migration distance of the cluster atoms increases with increasing substrate temperature, impacting cluster energy and cluster size, and the deposition morphology also varies with the above parameters.
